Furthermore, compound heterozygotes carrying the Bmp7 R-G allele together with a null allele 48 of Bmp2 or Bmp4 die during embryogenesis with defects in ventral body wall closure and/or can activate BMP signaling at levels equivalent to the heterodimer (Wang and Ferguson 2005), proteins. For example, cleavage mutant forms of BMP7 dominantly interfere with both BMP7 112 and BMP4 signaling when overexpressed in Xenopus (Hawley et al. 1995; Nishimatsu and 113 Thomsen 1998) . These studies demonstrate that BMPs can heterodimerize when 114 overexpressed, but do not address whether endogenous BMPs heterodimerize. A mouse 115 carrying a point mutation in the cleavage site of the type II BMP, BMP5, has more severe 116 skeletal abnormalities than Bmp5 homozygous null mutants (Ho et al. 2008) , consistent with 117 the possibility that it interferes with Class I heterodimeric partners, but this has not been 118 explored.
119
In the current studies, we used genetic and biochemical analysis to test the hypothesis 120 that endogenous heterodimers containing BMP7 exist in vivo. We show that endogenous 121 heterodimers do form in vivo, are the predominant functional ligand in many if not all tissues of 122 developing mouse embryos, and cannot be compensated for by endogenous homodimers. The phenotypes observed in mice mutant for class I and/or class II Bmps can be explained 7 eyes in 25% of the Bmp7 -/embryos examined at E11.5 (n=7; Fig. 1L , L'). Bmp7 R-GFlag/ R-GFlag 166 embryos appeared grossly normal but were slightly smaller, and had smaller limb buds than 167 age matched (by somite number) wild type littermates at E9.5 (n=45; Fig. 1E , E', Supplemental 168 Fig. S2 ). Bmp7 R-GFlag homozygotes were smaller than littermates at E10.5 (n=13; Fig. 1H, H') 169 and were resorbing at E11.5 (n=12; Fig. 1K, K' ). All Bmp7 R-GFlag homozygotes showed multiple 170 abnormalities at E10.5 (Fig. 1H, H' ) including smaller and less distinct forebrain (fb), midbrain 171 (mb) and hindbrain (hb), pericardial edema (arrows), smaller limb buds (flb) and no eye (e).
172
Thus, expression of wild type levels of an uncleavable BMP7 precursor protein leads to earlier 173 lethality and more severe phenotypic defects than does complete absence of BMP7 protein, 174 suggesting that endogenous BMP7-containing heterodimers perform essential functions 175 during early embryogenesis.
176
Bmp7 R-GFlag heterozygotes were adult viable (Table S1 ), but 23% showed runting, 1995; Luo et al. 1995) . Skeletal analysis revealed that the fibula was shortened and failed to 182 articulate with the knee in 13% of Bmp7 R-GFlag heterozygotes that were analyzed (n=14;
183
Supplemental Fig. S2G , H). This defect has been observed in mice in which both Bmp2 and 5) and Bmp7 null homozygotes (n= 6) were indistinguishable from wild type littermates with single common atrium, a smaller right ventricle and a small, malformed OFT relative to wild 198 type littermates ( Fig. 2B-B' ). In addition, although hearts of Bmp7 R-GFlag/R-GFlag mutants were 199 morphologically normal at E9.5, expression of the direct BMP target gene, Nkx2.5 (Lien et al. To test whether BMP activity is more severely reduced in Bmp7 R-GFlag mutants than it is in 208 Bmp7 null mutants, we analyzed BMP activity in BRE:LacZ transgenic embryos at E9.5, before 
232
To further test whether BMP heterodimers are required for initial induction of the roof plate, To further test the idea that heterodimers of BMP7 together with BMP2 and/or BMP4 are 264 essential for embryogenesis, and to ask which class I ligand(s) contribute to distinct 265 developmental processes, we generated compound heterozygous mutants that carry one copy 266 of the Bmp7 R-GFlag allele in combination with a null allele of Bmp2 or Bmp4. The heterodimer 267 model predicts that removing a single copy of Bmp2 or Bmp4 will reduce the heterodimer pool, 
279
When Bmp7 R-GFlag/+ and Bmp2 -/+ mice were intercrossed, Bmp2 -/+ ;Bmp7 R-GFlag/+ mutants 280 were present at the predicted Mendelian ratios at E15.5, but were not recovered at weaning 281 (Table 2A) 
296
To assess whether BMP4/7 heterodimers are required for development, we intercrossed 297 Bmp7 R-GFlag/+ and Bmp4 -/+ mice. Compound mutants were present at predicted Mendelian ratios 298 at E9.5-11.5, but were not recovered at E12.5 or later (Table 2B ). Bmp4 -/+ ;Bmp7 R-GFlag/+ 299 embryos appeared grossly normal at E9.5, and expression of the BMP target gene Nkx2.5 was 300 intact in the heart (Supplemental Fig. S4C -F'). However, by E10.5 all eight embryos that were 301 examined were smaller than littermates ( Fig. 5I -L) and showed defects in heart development hearts had a single common atrium (CA), and a smaller, malformed right ventricle and OFT
Discussion

334
Previous studies have shown that heterodimers composed of BMP7 together with BMP2 or 335 BMP4 have a higher specific activity than individual homodimers in specific in vitro assays, but 
340
BMP activity is intact in the eye field of Bmp7 null mutants at E9.5, but is absent in Bmp7 R-341 GFlag homozygotes, suggesting that BMP7-containing heterodimers play an essential role in 342 early inductive events in the eye. Bmp4 and Bmp7 are co-expressed in head surface ectoderm 343 at the time of lens placode induction (E9), and both have been implicated in this process 344 (Dudley and Robertson 1997; Furuta and Hogan 1998; Wawersik et al. 1999 
347
This finding is consistent with the possibility that the higher specific activity of endogenous 348 BMP4/7 heterodimers is essential to generate sufficient BMP activity for lens induction. In this 349 scenario, another class II BMP (BMP6) could substitute for BMP7 to rescue heterodimer 350 formation, whereas a class I BMP (BMP4) could not.
351
The role of BMP4/7 heterodimers in eye development is likely conserved in humans since 
393
The Drosophila BMP5-8 orthologs Screw and Glass bottom boat (GBB) undergo 394 proteolytic processing at sites within the prodomain, in addition to cleavage of the site adjacent 395 to the mature domain (Akiyama et al. 2012; Fritsch et al. 2012; Kunnapuu et al. 2014 ). In the 396 case of GBB, cleavage of the prodomain site alone is sufficient to generate a bioactive ligand 397 that signals at longer range than the conventional small ligand (Akiyama et al. 2012 ).
398
Conserved PC consensus motifs can be identified within the prodomain of mammalian BMP7 399 (Akiyama et al. 2012 ), but the early lethality of Bmp7 R-GFlag homozygotes demonstrates that 400 cleavage at cryptic sites within the prodomain is not sufficient to generate functional BMP7 401 ligands that can support development. Furthermore, we are unable to detect BMP7 fragments 402 generated by cleavage(s) at sites other than the previously identified PC motif in lysates from 403 mouse embryos (current studies), Xenopus embryos or mammalian cells, or when BMP7 is 404 cleaved by recombinant furin in vitro (Sopory et al. 2006; Neugebauer et al. 2015) .
405
The endogenous BMP4 precursor is efficiently cleaved when dimerized with BMP7R-
406
GFlag, raising questions as to how the mutant precursor blocks the function of wild type 
443
Whole mount mouse embryos were processed for in situ HCR as described (Choi et al. 2016 ). ß-444 galactosidase staining of BRE-LacZ embryos was performed as described (Lawson et al. 1999 ).
445
Investigators were blinded to genotype until after morphology and/or staining intensity had been Data are presented as number (percent). Asterisks indicate that the observed frequency is 767 significantly different than the expected frequency by Chi-square analysis (**P<0.01). E10.5 9 (37%) 5 (21%) 6 (25%) 4 (17%) 24 E9.5 4 (17%) 7 (31%) 6 (26%) 6 (26%) 23
769 770
Data are presented as number (percent). Asterisks indicate that the observed frequency is 777 significantly different than the expected frequency by Chi-square analysis (*P<0.05). 
